The authors provide a general investigation on the performance of multi-code code division multiple access (MC-CDMA) over Rayleigh fading plus additive white Gaussian noise (AWGN) channels. In MC-CDMA, high speed data sources are serial-to-parallel converted to low speed streams, which are further spread by Hadamard-Walsh orthogonal sequences and random codes. Numerical results show that, in a multipath fading channel, MC-CDMA with properly assigned Hadamard-Walsh sequences outperforms conventional CDMA when signal to noise ratio (SNR) is low and shows comparable performance at high SNR. Furthermore, for the AWGN channel, the approximate formula developed by Lee et al. (1997) shows more variation than the authors' formula. The new approach is capable of telling the impact of code cross-correlation on system performance while the earlier approach does not.
Introduction
In recent few years, a new form of code division multiple access (CDMA) known as multi-code code division multiple access (MC-CDMA) has induced considerable research interests in multirate transmission [I, 21. MC-CDMA, a wireless framework, has appealing features in supporting multimedia (e.g. data, voice, image, and video). The number of codes allocated by a central control unit (e.g. base station) is linearly proportional to a user's rate. To realise this idea, high speed traffic sources are serial-toparallel converted to low speed streams, each occupying the same bandwidth. MC-CDMA inherits the strength of CDMA in combating multipath fading and requires no need to modify the radio frequency circuitry [I, 31. Furthermore, interchip interference (ICI) and intersymbol interference (ISI) are mitigated due to the usage of subcode concatenation [3] among all parallel streams. After demodulation, maximal ratio combining (MRC) [4] is pedormed in the correlation receivers in order to reconstruct the original source bits.
Lately, focus has concentrated on the performance including system capacity of direct sequence CDMA (DS-CDMA) scheme in a variety of channel models. [5, 61 offer the analysis of DS-CDMA in an AWGN channel and Rician fading channel, respectively. The fundamental concept is to regard every user except the intended one as an interferer and model it as uncorrelated Gaussian noise. A glance at the conception can also be found in the papers (e.g. . Besides, code design is a primary cause affecting the performance of variable rate CDMA. [IO, 111 present the impact of code design on the perfomiance of multirate CDMA. However, in the analysis an AWGN channel is The authors are w i t h the Department of Electrical Engineering and the Graduate Institute of Communication Engineering, National Taiwan University, Taipei, Taiwan 10764, Republic of China assumed that makes the results only approximate. [12] reports the capacity of a DS-CDMA system that supports various quality of services (QoSs). However, the analytical results stated in the works (e.g. [12] [13] [14] [15] ), are not satisfactory. These results do not reveal the impact of code assignment on system performance. That is, different primary codes and orthogonal subcodes show unnoticeable difference in (e.g. BER and capacity). A more precise performance comparison between conventional CDMA and MC-CDMA in various channel models is highly helpful in demonstrating the strength of MC-CDMA. The objective of this paper is to offer a more comprehensive analysis of MC-CDMA in a frequency selective fading channel. The analysis developed in this paper is a generalisation of [12, 51; but, the problem treated is extended to include the multipath fading channel.
In this paper, we derive the bit error rate of MC-CDMA with higher accuracy. The result shows that MC-CDMA outperforms conventional CDMA, especially in delay nonsensitive applications. Furthermore, the approximate formula developed in [12] over an AWGN channel shows considerably more variation than ours. Without loss of generality and to comply with the orthogonality condition of Hadamard sequences, the binary elements in this paper are represented by +I and -1 using the mapping 1 --1 and 0 -+ + I . The signal transmitted from user k is The receiver of user k sketched in Fig. 3 utilises Mk RAKE receivers for the Mk parallel streams prior to the de-interleavers and threshold devices. The RAKE receiver performs maximal ratio combining and post-detection to reconstruct the original bit stream. It is believed that no change is needed in the IFRF circuitry except for the control and adjustment of transmission power to meet different source rates and QoS objectives Fig. 1 .
Channel model
A variety of channel models have been proposed and used in different transmission environments [4, 7, 161 . In this paper the channel is assumed to be slowly varying Rayleigh fading with a continuum of multipaths. The impulse response of the channel carrying L paths can be described as The channel autocovariance function defined in [4] can be easily found to be
In this paper, we assume equal power delay profile for all paths (i.e. any path locked by the RAKE receiver is with equal power). There is no influence on the result in which one or more of the paths are locked by the matched fdters (MFs). Notice that the spreading codes obtained by subcode concatenation have an impact on the BER that relies on the power delay profile of the channel. This impact can be ignored only for perfectly 'random codes'.
Analysis
It is assumed that perfect chip, symbol, and carrier synchronisation are performed in the system. The received power per user stream is equal to P, if no fading effect is concerned. For convenience and yet no loss of generality, user 1 is assumed to be the intended receiver in the following discussions. The signal received by user 1 in a K-user system can be written as follows: (ii) interference due to the remaining L -1 paths, (I # n), In eqn. 17, the second term of the right-hand side (RHS) is zero if we set A. = 1; namely, it can be viewed as the correlation interference between the fingers of the RAKE receiver. However, the first term of the RHS is associated with the correlation interference among all the paths.
Other streams interference l2
From eqn. 7, I2 can be represented as
(18) To simplify eqn. 18, the following formula is utilised [7] : 
Other user interference l3
I, can be regarded as the sum of the interference of the A.
RAKE fingers, that is
From eqns. 6 8 , 13,p,,r takes the form: 
Bit error rate analysis
The performance of a MC system can be judged by SIR and BER (bit error rate). It is assumed that BPSK (binary phase shift keying) modulation is used in this discussion. 
where x = U(q2)-I.
Numerical results and discussion
As mentioned in Section 3.4, the bit error rate of each stream depends on the cross-correlation of concatenated sequences. Borth and Pursley [6] prove that the performance of random codes lies between the best and the worst choice of codes in a frequency selective fading channel.
However, it is not the objective of this paper to find the best code of MC-CDMA. Thus, it is adequate to adopt random codes as primary codes, which are computer generated using the C library. Notice that the primary code of each user is randomly assigned by the computer. The number of users in this system is assumed to be ten, and nine of them are the interferers with respect to the intended receiver. Fig. 4 shows the BER against S N R when different number of concatenated subcodes are used in an AWGN channel. In tlus example, each user has the same total power, regardless of the number of subcodes it is using. The approximate formula in eqn. 1 of [12] is drawn here for N = 64 and 128 in lines 1 and 6, respectively, regardless of the number of subcodes that are used. Examine the case N = 64, the c w e corresponding to 4 subcodes (Mk = 4) shows the worst performance among the five curves drawn for N = 64. A similar phenomenon exists in the five curves drawn for N = 128. The deviation among the curves in each of the two sets says that the cross-correlation property among them has an impact on system performance. That is, a stream with relatively better codes, or alternatively, lower cross-correlation, achieves lower BER. Our analysis produces results more precise than eqn. 1 of [12] . Compared with the approximate analysis developed in [12] , our improved approach produces more refined and more accurate results. In contrast to Fig. 4, Fig. 5 considers equal user rate, equal user power, equal bandwidth, and a multipath fading channel with L = 4 and it = 3, which means that the RAKE receiver can lock three out of the four paths. Unless otherwise mentioned, the spread spectrum processing gain is set to 64 for Mk = 1 and all users are with homogeneous traffic rates. After serial-to-parallel conversion, the power and rate of each stream are divided by Mk from those of the sending user. Each parallel stream is further spread to the entire' bandwidth allocated. For example, the SS processing gain of k f k = 2 and Mk = 4 are 128 and 256, respectively. The performance of the MC system improves as the number of streams increased. The conventional CDMA with RAKE receiver is also shown. For Mk = 1, the performance of the MC system is slightly better than the conventional RAKE due to subcode concatenation. As demonstrated in Fig. 5 , all results surpass that of the conventional CDMA. At hlgher SNR, however, the BER for larger Mk approaches the conventional CDMA due to an equally assigned frequency band.
Figs. 6 and 7 present the BER against S N R with double bandwidth and one more multipath than Fig. 5 , respectively. In Fig. 6 , all curves are vertically shifted downward due to trading more bandwidth for combating multipath fading. Fig. 7 shows the performance of L = 5, it = 3. The extra path that is not locked by the RAKE receiver deteriorates the system Performance. 
Conclusions
In this paper, a simplified MC-CDMA model with properly selected concatenation subcodes is analysed rigorously. With this arrangement, an Mk-rate user is serial-to-parallel converted to Mk mutually orthogonal streams, which further modulates the radio carrier to the same frequency band. The self-user interference on the same path vanishes and the spectral efficiency is increased due to the concatenated subcodes. Besides, path diversity is achievable with a RAKE receiver at the receiving side. Of particular interest, the performance of the transmitterheceiver pairs in an urban environment (no direct path) is investigated. The numerical results reveal that the MC-CDMA excels the conventional arrangement when the SNR is low and shows comparable performance at high SNR. Furthermore, considerable variation is seen in eqn. 1 of [12] when compared with ours in an AWGN channel. In the reverse link, a major problem of MC-CDMA and other popular techniques (e.g. multicarrier CDMA), is the nonconstant envelope of the transmitted signal. In t h s paper, the effect of nonconstant envelope on the performance due to (e.g. amplifier nonlinearity), is not addressed. This is a topic for further research. In addition, powerful source-channel coding with burst error correction capability, especially suitable in high speed multimedia transmission is desired to further improve the system performance.
